their mutual electronic interaction can be swiftly simulated by advantageously making use of both the predefined mathematical models of the individual electronic elements and the description of the interconnection between the elements within these electronic circuits.
It has been shown in general terms2-4 and in more detail in Part I of this series2 that, quite different from electronic circuit design, electronic network modeling can also be benef icially applied for simulating the thermodynamics and kinetics of electrochemical charge-transfer reactions and other physical processes, such as those occurring inside rechargeable batteries. This paves the way for simulating not only the electrochemical behavior of batteries but also the mutual interaction between these batteries and the surrounding electronics once accurate models are available. This in tum may lead, for example, to more efficient charging electronics and improved state-of-charge (SoC) indicators. On the other hand, materials research may benefit from this type of modeling as the impact of new materials on the overall battery behavior can be predicted at a very early stage.
Part I was devoted to the one-dimensional modeling of the thermodynamics and kinetics of the electrochemical storage reactions of the two individual electrodes of NiCd batteries, i.e., the Ni and Cd electrode. 5 In the case of the Ni electrode the kinetics was modeled by considering a combined action of the charge-transfer reaction and mass transport of protons inside the solid. 16 On the other hand, the Cd electrode has been modeled by the generally accepted precipitation/dissolution mechanism. 57 Apart from the main energy storage reactions it is essential that these batteries also operate under more severe conditions, such as those taking place during overcharging and overdischarging. Under these conditions side reactions, like gas formation and recombination reactions may occur, depending on the design of the battery. An important aspect of NiCd behavior is the close relationship between the voltage, the gas pressure inside the battery, and its temperature development. This not only determines the voltage dependence upon (over)charging and (over)discharging, but it is well known that this also affects cycle life of batteries in a negative sense. The main aim of our modeling activity is therefore not only to take into account the voltage dependence but also to consider the development of both the intemal gas pressure and temperature and their mutual interactions.
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The strategy adopted in the present work is as follows: (i) starting with an appropriate description of the concept of a NiCd battery the most important electrochemical reactions are identified. (ii) An appropriate mathematical description of the thermodynamics and kinetics of the relevant electrochemical and physical processes, including the pressure and temperature development, can then be given. (iii) Subsequently, these mathematical equations are clustered and converted into representing "electronic components," which are combined in an electronic network model. This leads to a "transparent" battery model, which enables one to designate the local thermodynamics, kinetics, and heat production of all individual processes occurring inside these batteries. (iv) Finally, introducing the relevant electrochemical and physical input parameters into the model, simulations can be performed. Some results, revealing the strength of this modeling method, are presented.
Concept of Sealed Rechargeable NICd Batteries
Several concepts have been proposed and adopted for NiCd batteries in the past. They are, for example, optimized toward a high storage capacity cell or toward a more robust battery system. A schematic representation of a battery concept, which has proven its maturity, is shown in Fig. 1 . The nickel and cadmium electrodes are electrically insulated from each other by a separator. In order to provide ionic conductivity between the two electrodes during current flow, both separator and electrodes are impregnated with a concentrated alkaline solution. The electrochemically active species involved in the energy storage reactions are indicated in Fig. I . The white areas of both electrodes schematically represent the nominal storage capacity of the battery, which is dictated by the maximum reversible capacity of the Ni electrode, denoted by QdX The basic electrochemical charge-transfer reactions can, in their most simplified form, be represented by NiCd batteries under all circumstances and to provide intrinsic safety, the battery is designed in a very specific way, in particular to prevent gas pressure buildup during overcharging and overdischarging. The various side reactions, taking place under these conditions are also indicat- ed in Fig. 1 (shaded areas). Since the Ni electrode is the capacity-determining electrode in a NiCd battery, oxidation of OH-ions is forced to occur at the Ni electrode during overcharging, through which oxygen evolution starts, according to
Simultaneously, reduction of Cd(OH),, in excess present in the Cd electrode, still continues according to reaction 2. As a result, the partial oxygen pressure within the cell starts to rise and induces electrochemical conversion of 0, at the Cd electrode, according to kc 0, + 2H,O + 4e-t=-4 OH-
[41 ka
This recombination reaction thus competes with reduction of Cd(OH),, represented by Eq. 2. Some investigators claim that 0, can also chemically react with electrochemically formed Cd. However, the net effect is in both cases, the same, i.e., the recombination reaction limits the internal gas pressure.
It is shown in one of the following sections that, in particular, this oxygen recombination reaction produces a lot of heat. This implies that, depending on the competition between reactions 2 and 4, the gas pressure and/or temperature of the battery will rise during overcharging, which in turn will affect the battery voltage. The close interrelationship between the voltage, internal gas pressure, and battery temperature is clearly revealed in the result of a galvanostatic (0ver)charging experiment, depicted in Fig. 2 . This figure shows that both the pressure and temperature remain essentially constant as long as the main storage reactions are involved in the charging process. This changes significantly when oxygen evolution starts at an almost fully charged battery, i.e., close to 100% SoC. The voltage increases upon overcharging, due to oxygen evolution and the increasing pressure induces the recombination reaction to take place and hence the temperature to rise. As a consequence, the cell voltage starts to level off and ultimately declines upon profound overcharging. This so-called -AV effect is often exploited to terminate galvanostatic charging in commercial battery chargers. This result shows that, in order to set up an appropriate model for NiCd batteries, it is essential to consider the interrelation of the three abovementioned parameters. Protection against overdischarging is also of considerable importance, especially when batteries, which inevitably reveal small differences in storage capacity, are used in series. Since a hydrogen recombination cycle has to be avoided, due to the poor electrocatalytic activity of the Cd electrode with respect to the H, oxidation reaction,' battery manufacturers adopted another elegant approach.' A significant amount of Cd(OH),, generally denoted as depolarizer, is added to the Ni electrode and, to a lesser extent, some metallic Cd is added to the Cd electrode as discharge reserve (see also Fig. 1 ). During overdischarging the Cd(OH), present in the Ni electrode (QCdlNi,) is reduced to metallic Cd (reaction 2), while the excess of metallic Cd at the Cd electrode (Q,,,,,,) is still being oxidized. Under these conditions a battery voltage close to 0 V is to be expected.
As the amount of extra Cd in the Cd electrode is limited with respect to the amount of Cd(OH), in the Ni electrode (see Fig. I ), a second overdischarge process will be established. An oxygen recombination cycle will again take place, now initiated at the cadmium electrode while recombination of oxygen occurs at the Ni electrode, according to Eq. 3 and 4, respectively (see Fig. 1 ). When 0, is evolved at the Cd electrode at positive potentials and is converted again into OH-at the Ni electrode at very negative potentials, a potential reversal of the battery is to be expected. This is in agreement with experimental observations. Evidently, under these overdischarge conditions it is also essential to consider the interaction between voltage, pressure, and temperature. The same derivation can, of course, be given for the oxygen evolution reaction (Eq. 3).
There is a direct relationship between the partial oxygen pressure in the gas phase (g) and its activity in the electrolyte (1). The oxygen dissolution reaction can he represented by 02 (1) 02 (g) where k2 and Ic2 are the corresponding reaction rate constants. For an ideal gas Henri's law applies, i.e.
in which the oxygen solubility constant (K02) is given by k2/k2. Advantageously, the reported solubility constant appears to be independent on the temperature in the strong alkaline solution present in NiCd batteries.11 Introducing the pressure into Eq. 7 by means of Eq. 9 and 10 leads to the well-known Nenist equation [12] and includes the activities, which are considered to remain constant during battery operation. p2 is defined at a partial oxygen pressure of 1 atm (10 Pa) at 298 K.
One of the main aims of the present work is to model the close interaction between the voltage, pressure, and temperature. Since both the thermodynamics and kinetics are temperature dependent, these dependencies have to be considered as well. The temperature dependence of the standard redox potential E 2 is related to the entropy Table I . For the oxygen evolution reaction AS02 has a positive value. Evidently, for the oxygen recombination the same, but negative, value applies. The required temperature depen-= 4Poir -142 -2Po -and dencies for Po2 in Eq. 11 are dealt with in the section on Pressure development.
Overcharging kinetics.-During overcharging, oxygen evolution occurs at a fully charged Ni electrode, i.e., at NiOOH (E°Nl = 0.520 V vs. standard hydrogen electrode, SHE), according to Eq. 3. Since this reaction generally takes place at relatively positive potentials with respect to the redox potential for the 02 reaction (E°02 = 0.401 V vs. SHE), the kinetics of this reaction, expressed by the partial 02 evolution current (102), can simply be described by the anodic branch of the Butler-Volmer relationship,'°a ccording to a nF11 = ig2 ex{ °RT 02 } [14] in which the exchange current (Io°J is given by 
limiting factor. In the extreme case when the recombination rate is completely dominated by mass transport a linear concentration gradient is established across the duff usion layer thickness under steady-state conditions. The diffusion controlled recombination current (I,,) can then be expressed by [20] where D02 is the diffusion coefficient for 02 in the electrolyte, d02 the average diffusion layer thickness through which 02 must be transported. Considering a mixed kinetic/diffusion controlled reduction reaction it can be easily shown'° that the overall recombination current (4Jcanbe represented by [211 Obviously, the temperature dependence of E is equal to that of the 02 evolution reaction given by Eq. 13. The temperature dependencies of the recombination rate constants in Eq. 19 are similar to that described by Eq. 17, although it should be noted that the activation energy for these reaction rate constants does not necessarily need to have the same value as E02. The temperature dependence of the diffusion coefficient in Eq. 20 can be represented by = D ex[] [22] where D°0, is the pre-exponential factor, and is the activation energy of the diffusion coefficient of oxygen in alkaline solution.
It can be concluded that the set of Eq. 14-17 describes the kinetically controlled 02 evolution rate at the Ni electrode, whereas the set of Eq. 17-22 gives a description of the mixed kinetic/diffusion controlled recombination rate at the Cd electrode as a function of both pressure and temperature during overcharging.
Overdischarging kinetics-As pointed out in the previous section, two different processes have to be distinguished during overdischarging (Fig. 1) . During the initial stages of overdischarging Cd species are converted at both electrodes, according to Eq. 2. The thermodynamics and kinetics of these reactions and its dependence on the temperature are identical to those of the main electrochemical storage reactions, which have been described in detail in Part I of this series.5
When the excess of Cd species in the Cd electrode decreases during prolonged overdischarging, 02 will be evolved at this electrode, according to Eq. 3, in competition with Cd conversion. The kinetics of the 02 evolution reaction can be described in a similar way as shown above by Eq. 14-17, using the same parameters (see Table I ). It should, howeveL be emphasized that some parameter values at the Cd electrode, like 'i(cd), are rather different from those at the Ni electrode (I). Similarly, 02 reduction will take place at the Ni electrode, according to Eq. 4, in competition with Cd(OH)2 reduction. Since the overpotentials for 02 reduction are again very high under these overdischarging conditions (electrode potential is now dominated by the Cd species in the Ni electrode), a mixed kinetic/diffusion reaction rate seems to be appropriate in this case also. Equations 17-22 are therefore also applicable during overdischarging when the appropriate parameter values are taken into account. Pressure development-The relationship between the partial 02 pressure, the battery temperature (fl, and the free gas volume (Vg) inside the battery is given by where rn,,, is the molar amount of 02 in the gas phase. As the solubility of 02 in strong alkaline solutions is very low in comparison to that stored in the gas phase, the contribution of the electrolyte phase to in02 is neglected.1' Using Faraday's law,1° m02 can then simply be calculated from the amount of 02 produced at the Ni ('02) and Cd electrode ('o,(cd)) and the amount of 02 consumed at the Cd (I) and Ni electrode ('o(Ni)) during overcharging and overdischarging, respectively din0 = 'Oi + 'O(Cd) + 'rue + 'ree(Ni) [24] dt nF Note that the oxidation and reduction currents are defined as positive and negative, respectively. Combining Eq. 23 and 24 leads to a general expression for the pressure development of the battery in time + 'O(cd) + 'rue + 'reu(Ni)) [25] Integrating Eq. 25 gives the pressure-time dependence.
Using the circuit simulator this can easily be accomplished, as shown later. Obviously, Eq. 25 not only holds for overcharging but also for the overdischarging reaction sequence in which an oxygen recombination cycle is operative (see Temperature development-The temperature development of a battery is determined by the heat flow generated by the battery during operation (Jrn) and heat dissipation to the environment (J,) by means of either conduction, radiation, convection, or a combination of these. .1 can be represented by" "in = ', _:st
The factors, which contribute to th heat evolution during current flow, can easily be recognized in Eq. 26. The first term refers to the entropy change (zXS) brought about by each electrochemical reaction (i). This term is proportional to the relevant partial currents (f3 and can be either positive or negative, dependent on whether the considered reactions are exothermic or endothermic. The second summation term reveals the kinetic contribution of all electrochemical charge-transfer reactions taking place. Obviously, both the rate of each reaction, expressed by L and the corresponding overpotential m play an important role in the heat production. It should be noted that this term has a positive value under all conditions, as both q1 and the partial currents, lj, have the same sign in this work by definition. The third term relates to the heat dissipated by the battery current ('kat) flowing through the internal ohmic resistances (R3. Herewith R2 considers the summation of the ohmic resistance of the electrolyte (Re) and that of both electrodes (RN2 and Rcd). Whether the battery is heating up or cooling down depends on the relative contribution of the individual terms in Eq. 26. This may even continuously change during, for example, charging and discharging as the partial currents as well as the corresponding local overpotentials may change continuously. The advantage of the use of an electronic network simulator now becomes very pronounced as both the local overpotentials and the partial currents, needed for the determination of the heat evolution, are already continuously calculated during the self-consistent simulations.
The heat dissipation flow to the environment (J,) is given by Fourier's law [27] in which a,, is the combined heat-transfer coefficient, Ak2, the battery surface area, and T and Tamk are the battery and ambient temperatures, respectively. The net heat flow (J,,) can then be calculated, according to [28] Integration of Eq. 28 yields the heating or cooling down effect (Qk01) of the battery or battery pack Table I. = f Jdt = CbatT where Cb,h is the heat capacitance of the battery or battery pack. It is assumed in the present simulations that the heat capacitance of the environment (C,mb) is very large. The whole set of Eq. 26-29 describes the development of the battery temperature.
Electronic Network Model
The complete electronic network model of the sealed rechargeable NiCd battery under consideration is shown in Fig. 3 . The network consists of an electrical domain, including several chemical domains (a) and a temperature domain (b). As has been pointed out in Part I of this series there exists a close resemblance between, on the one hand, the effort and flow for electrical systems (voltage V and current I, respectively) and, on the other hand, the "chemical effort," expressed by the chemical potential (pa, and the "chemical flow" expressed by the molar flux (J) for
(electro)chemical systems. 5 The thermodynamics and kinetics of (electro)chemical reactions can therefore be treated in a similar way as electrical systems. In order to separate the electrical domain from the various chemical domains, ideal transformers are used in the equivalent circuit of Fig. 3a . Also in the case of thermal systems there is a close resemblance between electrical systems and thermal systems and the latter can therefore also be treated in a similar way (see Fig. 3b ).'5 An overview of the used similarities between the electrical, (electro)chemical, and thermal domains are listed in Table II . The gradual construction of the total network is outlined below. The structure of the battery, revealing the two electrodes separated by the electrolyte, can be easily identified in the electronic network of Fig. 3a . It is assumed that no transport limitations occur in the bulk of the strong alkaline electrolyte (>7 M KOH) of the considered NiCd battery. As a result, the ionic conductivity in this model is assumed to be constant during battery operation and can therefore be represented by a fixed ohmic resistance (Re) in the electrical domain. In the present simulations R was set at 10-2 11, which is a common value for aqueous rechargeable batteries. Besides the electrolyte resistivity, the conductivity properties of both electrodes have to be considered as well.
These are related to, for example, the contact resistance between the metallic conductor and the electroactive species, and the poor electronic conductivity of the solids themselves.14 These solid-state properties are combined in the series resistances R and R4 and are set at a fixed value of 210-fI each.
As described in Part I, in order to model the main electrochemical storage reactions, two electrical double-layer capacitances (C and C) have to be considered in parallel to the two pairs of antiparallel diodes (DN, and D04 in Fig. 3a) in the electrical domain, representing the mathematics of the charging (upper diodes) and discharging (lower diodes) kinetics at both electrodes.5 The transformers represent the conversion of chemical potentials in both chemical domains into electrical potentials in the corresponding electrical domains, using the transformation coefficient 1/nF (see also Table I ). The chemical potential of the overall (electro)chemical reactions is composed of the individual chemical potential contributions (ti.,) of all species involved. In Part lit was pointed out that this can be modeled by many variable capacitances. In accordance with Eq. 1 and 2, this implies that five and four capacitances for the Ni and Cd electrode, respectively, have to be taken into account.5 In order to reduce the complexity, a somewhat simplified approach is adopted here, tailored to the individual electrode reactions, as is outlined below.
Starting with the Ni electrode the chemical potential of this reaction is composed of a constant part and a variable part. The constant part is represented by the standard free energy change, G°NI in Fig. 3a , and includes the standard chemical potentials of all involved species (.t,°) together with the activities, which are considered to remain constant at the Ni electrode during battery operation, i.e., a = a, for these species, implying that [30] [29]
Electrical domain where the various equilibrium activities again refer to the corresponding reference states (a) . The variable contribution to the chemical potential is determined by the molar amounts of Ni(OH)2 and NiOOH species at the electrode surface, which are subject to continuous change. According to Table I these molar amounts can be calculated by means of the variable capacitances Ci(oH), and C',ooH in Fig. a . Transport of protons within the Ni electrode plays an important role and directly influences the surface activities of both electroactive Ni species.
Proton transport is included in the network by means of the ladder networks, one network for NiOOH and the other for Ni(OH) 2 . In these networks, R, represents the chemical diffusion "resistance" and the charge on C, corresponds with the molar amount of chemical energy (m) stored within each compartment (i). Under current flowing conditions the voltage across the transformer represents the summation of the thermodynamically determined equilibrium potential and the diffusion overpotential. 5 The voltages across the diodes correspond to the kinetically controlled overpotentials. Under equilibrium conditions, on the other hand, when no current is flowing through the Ni reaction path, the voltage across the transformers represents the equilibrium potential only since no concentration gradient will be present inside the Ni electrode and the diffusion overpotential will be reduced to zero. Obviously, the kinetic overpotential across the antiparallel diodes is also zero under these conditions.
In the case of the Cd electrode it has been shown that mass transport of OH-near the electrode surface determines the kinetics of the charge-transfer reaction. It was, however, argued that a steady-state situation was quickly established, leading to the assumption of a linear concentration gradient. This allows a more simplified treatment for the Cd electrode than that for the Ni electrode. 5 On the analogy of the description of the oxygen recombination kinetics outlined above, the mixed controlled kinetics (see Eq. 21) is combined in the antiparallel diodes. Consequently, the voltage across the Cd diodes corresponds in this case with the summation of the kinetic and diffusion overpotential. The voltage across the Cd transformer then corresponds with the equilibrium potential of the Cd electrode. It should, however, be noted that more complex diffusion problems, as shown for the Ni electrode, can be dealt easily within the network model. The advantage of electrical network modeling is that it is, in principle, very easy to expand the model to other reactions. Since the oxygen evolution and recombination reactions at both electrodes are competing reactions with respect to the main electrochemical storage reactions during both overcharging and overdischarging, they can be modeled as reaction paths in parallel to both the Ni and Cd main storage reaction paths (Fig. 3a) . The upper diodes correspond to the kinetics of the oxygen evolution reaction at the Ni electrode and the recombination reaction at the Cd electrode during overcharging and are covered by Eq. 14-17 and Eq. 17-22, respectively. The lower diodes correspond to the recombination reaction at the Ni electrode and the evolution reaction at the Cd electrode during the second overdischarge step. These diodes (D 2 ) reflect the kinetics covered by Eq. 17-22 and Eq. 14-17, respectively. The voltages across these diodes represent the overpotentials of the O 2 reaction, including both the kinetic and diffusion overpotentials. As pointed out in the previous section the battery pressure is determined by the amount of gas produced and consumed at both electrodes. The molar amounts involved in all oxygen reaction paths are stored in the variable "chemical" capacitance C,, "connecting" both electrodes via the gas phase, which is identical to the physical situation. Using Eq. 23, the calculated molar amount stored on this capacitance yields the partial oxygen pressure. In addition, using the dependence of the equilibrium potential on both the partial oxygen pressure and temperature, as described by Eq. 11 and 13, respectively, the voltage across both 02 transformers represents Ee q for the two 0 2 /OJOH redox systems. In order to complete the overdischarge behavior of the present NiCd battery, an additional Cd reaction path is included at the Ni electrode (see Fig. 1 ). The corresponding mathematics has been described in Part I?
Finally, the temperature behavior is calculated by means of subcircuit (b). Here, the close mathematical analogy between electrical current fluxes and heat fluxes is exploited. As described previously, the heat generated or consumed by the battery can be described in Eq. 26. The three terms of this equation can, for each individual reaction, be treated mathematically as three different heat generating/consuming current sources, denoted by Jth in Fig. 3b . The integrated amount of heat generated by all electrochemical reactions flows into the heat capacitance, Cb,,, of the battery. Equation 27 gives an expression for the heat transfer to the environment and can in the simplest case be treated as a fixed resistance Rth, where Rth is defined as /athAbat. The heat stored at Chat is dissipated into Camb, the heat capacitance of the environment. Following the analogy between an electrical capacitance and heat capacitance expressed by Eq. 29, obviously the voltage across Ct and the amount of charge stored on Chat is equivalent with the T and Qbat, respectively (see Table II ). In this consideration, heat transport within the battery is assumed to be very fast so that no heat gradients occur inside the battery. It should furthermore be emphasized that the present thermal modeling of the environment is kept rather simple, but that it can easily be extended to more complex systems with other heat producing or heat consuming components with mutual thermal interferences, as will be shown in a separate paper.
Simulation Results
A wide variety of electronic network simulators is nowadays available, such as SPICE' and PSTAR©. In order to perform battery simulations with the described model, it is essential to have a network simulator available, which is able to deal with user-defined nonlinear mathematical equations. PSTAR is very well equipped for this purpose. In the present work all battery simulations are therefore performed with this simulation tool but, obviously, other tools might also be successfully applied. An additional advantage of the simulation tool used is that the calculation time of the complete battery model is generally limited to a typical value of only 10 s.
The simulated galvanostatic charging behavior (constant current of 1 A) of a NiCd battery is shown in Fig. 4 . A comparison of the simulated voltage, pressure, and temperature dependencies (Fig. 4) and those experimentally measured (Fig. 2) show a good qualitative agreement, as is highlighted below. The simulated voltage curve reveals that the voltage increases rapidly in the initial stages of charging (0 < t < 2 min). This is related to the fact that the equilibrium potential of the Ni electrode is very sensitive at low SoC, in accordance with the Nernst equation. In addition, it was ana- Table . The charging current is 1 A and charging is interrupted after 60 min. lyzed in Fig. 10 of Part I that the diffusion overpotential also significantly contributes to this behavior in the beginning of charging. After longer charging times the steep voltage increase levels off. During this normal charging procedure all electrical energy is consumed by the Ni and Cd electrochemical storage reactions. Hence no side reactions occur. Consequently, the gas pressure remains low. A careful examination of the temperature curve reveals that the battery initially cools down. Inspection of the various heat sources in the temperature network of Fig. 3b reveals that in this region the negative entropical heat contribution of the Ni reaction is more dominant than the other heat producing contributions in Eq. 26, resulting from the kinetics of the individual reactions and ohmic losses.
After :30 mm charging, the cell voltage increases more rapidly as a result of the initiated oxygen recombination cycle. This can be recognized on both the pressure and temperature increase in Fig. 4 . The sharp increase in temperature is mainly due to the large overpotential that accompanies the oxygen recombination at the Cd electrode. This overpotential can be easily monitored in the simulations and amounts more than 1.2 V, explaining the pronounced heat production under these recombination conditions. Furthermore, the simulation reveals that the higher temperature is also responsible for the voltage decrease after prolonged overcharging at t> 40 mm. This -V effect is also in agreement with the experiments (see Fig. 2 ) and is mainly due to the temperature dependencies of the involved standard redox potentials. The charging current is interrupted in the simulation after 60 mm and the simulated voltage, pressure and temperature relax toward new steady-state values.
The simulated (over)discharging curves are shown in sharply, due to a strong decrease of available NiOOH at the surface. Inspection of the concentration gradient, as calculated in the RC ladder network of Fig. 3a , indeed proves that this concentration decreases drastically at the end of discharging, as expected. Under normal discharging conditions the simulations reveal that the pressure remains extremely low and that the temperature increases only slightly, indicating that the kinetics of the discharge reactions are relatively fast and that reactions, which produce a lot of heat like the 02 recombination reaction, do not occur under these conditions. When the battery is forced to deliver current even beyond a cell voltage, which generally is accepted as cutoff voltage at which the discharge process is terminated, the battery enters the overdischarge mode. This mode is characterized by a two-step process, as the voltage curve of Fig. S shows. The first overdischarge voltage plateau (40 ct < 45 mm) is found close to 0 V. This is due to the small overpotentials involved with the Cd/Cd(OH)2 reactions, which now simultaneously take place at both electrodes.
The partial currents of both Cd reactions paths at the two electrodes are shown in Fig. 6a . Oxidation of the excess Cd, available in the Cd electrode (Icd(cd)), continues till the transition of the first to the second overdischarge plateau at 45 mm (see Fig. 5 ). Reduction of Cd species, present in the Ni electrode (Icd(N,) ), starts at the beginning of the first voltage plateau after -40 mm as soon as the surface concentration of NiOOH becomes extremely low.
But there is still some significant competition between Cd(OH)2 and NiOOH after 40 mm, as both partial cathodic currents, 'Cd(Ni) and 'Ni, respectively, indicate in Fig. 6a . This is due to the fact that NiOOH reduction can continue in time as this reaction is controlled by proton diffusion in the Ni electrode. The surface concentration of NiOOH remains, however, very low under these diffusion-controlled conditions. The total reduction current ('Ni + Icd(N,)) is, of course, equal to the partial anodic Cd current and is dictated by the applied current of 1 A. The pressure and temperature rise is still very limited in this first voltage plateau region (see Fig. 5 ).
Consuming the excess of Cd species in the Cd electrode, the competition with the oxygen evolution reaction at this electrode becomes very pronounced, as the calculated anodic oxygen evolution current at the Cd electrode ('02(cd)) in Fig. 6b shows. At the beginning of the second discharge plateau (see Fig. 5 at t -45 mm) the two partial oxygen cur- Cd) ) and the partial recombination current at the Ni electrode ('mc(Ni)), are not yet exactly balanced, as some NiOOH and Cd(OH)2 are still reduced under these conditions, as can be deduced from Fig. Ga and b . Consequently, the internal gas pressure starts to rise at the beginning of the second overdischarge process (after -45 mm; see Fig. 5 ). In line with this oxygen recombination onset, the voltage decreases toward more negative values and a second voltage plateau is established in Fig. 5 : the Cd electrode potential is now very positive due to oxygen evolution whereas the Ni electrode has a rather negative potential due to the oxygen reduction reaction, leading to the calculated cell voltage reversal. The temperature rise in this region can again be attributed to the large overpotentials which accompany the oxygen recombination reaction now at the Ni electrode, as has been verified by inspecting the local heat sources in the network model of Fig. 3b . At higher temperatures the recombination kinetics improve, as can be concluded from the local overpotentials in the electronic network. At a certain moment a steady-state situation is reached where the voltage, pressure, and temperature (Fig. 5) , and all partial currents (Fig. 6) do not change anymore.
From practical battery use it is well known that fully charged batteries slowly lose their stored energy upon storage. This so-called self-discharge process can easily be simulated using the present network model. The simulation results are shown in Fig. 7 and reveal that the decay rate is strongly dependent on storage time. The origin of this self-discharge process must be sought in the thermodynamic instability of the Ni electrode as E°N > E2. This can simply be deduced from the local currents flowing through the network model of Fig. 3 . Focusing on the partial currents of both the Ni and 02 paths at the Ni electrode indicates that the chemical energy stored at the variable NiOOH capacitances is lost under open-circuit conditions. A small Ni current is "leaking" through the lower Ni diode toward the upper 02 diode and is converted into 02 gas. As a result, chemical energy stored at the NiOOH capacitances is lost at the benefit of "oxygen stored" at the 02 capacitance, resulting in an increase of the internal gas pressure. This in turn induces the oxygen recombination reaction sequence at the Cd electrode to initiate. This simultaneously reduces the energy stored at the Cd capacitance (see Fig. 3a ) under open-circuit conditions, keeping the internal gas pressure low.
Furthermore, Fig. 7 shows, in agreement with reported experimental results,7 that the self-discharge rate increases with increasing temperatures. This is in line with the fact that the kinetics of charge-transfer reactions in general, and those of the Ni and 02 reactions at the Ni electrode in this specific case, are improved at higher temperatures. It should, however, be emphasized that other mechanisms than that presently simulated also may contribute to the overall self-discharge rate.18
The above simulation results focus on the battery response under dc conditions. However, ac analyses can also simply be applied with the used circuit simulator. More detailed simulation results and an extensive description of how electronic network models can be exploited in the field of applications will be presented in a forthcoming paper. 16 Conclusions It has been shown that electronic network modeling is a very useful tool to study the electrochemical and physical properties of rechargeable batteries under a wide variety of (over)charging, (over)discharging, and open-circuit conditions. Essential steps in the setup of such a model are identified to be (i) an appropriate electrochemical/physical description of all relevant processes occurring inside the battery system under study, (ii) a proper mathematical description of all these processes, (iii) clustering the mathematical equations and converting them into an electronic network, and (iv) finally, after introduction of all relevant electrochemical and physical parameters simulations can be performed. This approach has been successfully applied to the rechargeable NiCd battery system. By using an electronic network simulator, it has been shown that the close interaction of voltage, intemal gas pressure, and battery temperature, which is so characteristic for aqueous battery systems, can be simultaneously simulated during (over)charging, (over)discharging, and opencircuit conditions. The advantage of using an electronic network model is that the battery effectively has been made "transparent," so that all partial currents and local (over)-potentials can be monitored during battery simulation, as has been shown for the overdischarge process. This leads to a better understanding of the sometimes complex battery behavior and may improve future battery performance. Furthermore, it is very easy to simulate several cells in series or in parallel, so that both the electrical properties of battery packs and the thermal interaction with the surrounding electronics can be investigated. 16 The aim of the present series of papers was to outline the basic ideas of electronic network modeling rather than to strive for a perfect quantitative agreement of the simulations with the experimental battery characteristics. In order to set up more quantitative models it is essential to experimentally determine the values of the most important electrochemical parameters and to investigate the multidimensional space very accurately. These subjects are in progress and will be treated in future papers.242°T he present work was focusing on a one-dimensional NiCd model. It is, however, evident that the electronic network approach is not restricted to this simplified case but allows more complex models to be constructed. The battery model can therefore easily be extended with other interesting phenomena. It is, however, essential that a proper mathematical description of the included processes is available. It is therefore conceivable that aging phenomena or cycle life reduction of aqueous battery systems can be simulated as well, once the origin of this process is known and the kinetics are described in mathematical terms.
Obviously, other battery systems, such as NiMH and Liion batteries, but also nonrechargeable batteries, can be modeled in a similar way, since the electrochemistry of all these systems is based on the same underlying principles.
In addition, this modeling activity is not only restricted to simulate energy storage devices but it can easily be expanded to, for example, electrochromic devices, which are nowadays widely studied.19 This enables one to simulate simultaneously electrical and optical properties under both steady-state and dynamic conditions.
Introduction
The need for high energy density electrochemical energy sources has brought about the development of direct methanol fuel cell (DMFC) systems, in which methanol is oxidized at the anode to form carbon dioxide. Such systems are under development as electrical power sources for transportation and portable applications.
Van Dine and Maricle describe one DMFC concept,' in which fuel is stored as neat methanol and supplied to the fuel cell stack as an aqueous solution. To achieve acceptable fuel efficiencies, the methanol concentration in contact with the anode must be maintained near 1 M. Because the DMFC anode consumes only a fraction of the methanol in the feed stream, recirculation and the controlled addition of concentrated methanol are required to maintain a constant inlet concentration. In laboratory demonstrations, a methanol sensor has proven to be critical to the operation of such a system, to continuously monitor the inlet methanol concentration and provide feedback for the control of pure methanol injection. This was the motivation for the present work.
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Methanol sensors have previously been developed for flexible-fuel engine and chemical process applications, achieving selectivity by exploitation of electrical, optical, or other properties.
2 ' 3 Fuel cell sensors, which operate by galvanic oxidation of the measured species, have previously been applied to a methanol fuel cell system. 4 ' 5 Amperometric concentration sensors rely on a diffusionlimited electrochemical reaction involving the measured species. The diffusion limitation is often realized using a semipermeable membrane, but can also be obtained through fluid-flow boundary layers. Aqueous amperometric sensors are currently used to measure oxygen concentration in natural waters and wastewater toxicity. A thorough review of amperometric techniques is available. 6 The present design relies on a Nafion membrane to limit methanol diffusion. Other workers have studied diffusion of methanol through Nafion in the context of methanol crossover in a DMFC. Verbrugge 7 measured the concentration transients in two compartments separated by a perfluorinated ion-exchange membrane and developed a mathematical model by which the room-temperature diffusion and partition coefficients of methanol were obtained. Ren et al. 8 studied methanol crossover in direct methanol fuel cells using
